The electrochemical gradient of an ion j (Api/F) across the plasma membrane can be expressed in terms of where R, T, and F have the usual meanings; E, is the electrical potential difference across that membrane; zi defines the electrical charge of ion i; and the indices c and o refer to the cytosol and outside of a cell, respectively. When applied to C1-, one readily recognizes that in most physiological conditions this gradient will, nota bene, drive C1-out of the cell, presumably through channels (Marten et al., 1991) . C1-import is energetically more complex, in that it must overcome this electrochemical bamer of sometimes several hundred millivolts. As such, it requires the input of a considerable amount of metabolic energy. To meet this requirement, a proton/chloride co-transport has been postulated and has indeed been demonstrated and kinetically modeled for Chara (Sanders, 1980; Beilby and Walker, 1981; Sanders and Hansen, 1981; Sanders et al., 1985) . Although such a proton/ chloride symporter is well characterized in Characean cells, its experimental proof in higher plants has remained somewhat scant so far. Therefore, in this study an attempt has been made to bring forward electrophysiological evidence for such a transporter in Sinapis alba root hairs. Special impetus has been given to the investigation of the immediate effects of varying driving forces on pH, and free chloride concentration using intracellular microelectrodes selective for pH and c1-.
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MATERIALS A N D METHODS

General Conditions
Seeds of Sinapis alba L. were first steeped for 1 h in tap water and then sown sparsely on filter paper, which was soaked with tap water. The seedlings grew in a humid chamber for 2 d at 23OC. Excised roots were mounted in a plexiglass cuvette that was constantly perfused with the test medium. Unless stated otherwise, this comprised 0.1 rm KC1, 0.1 rm NaCI, 0.1 r n~ CaC12, and a mixture of 5 rm Mes and 5 m~ Tris; this was adjusted to the respective pH values indicated in the figures or legends thereof. After 2 to 3 h, the roots had adapted to this medium and had grown new root hairs, which then were used for the experiments.
Electrophysiology and Ion-Selective Microelectrodes
The electrical setup for the impalement of the root hairs and the fabrication of the H+-selective microelectrodes has been described before (Felle and Bertl, 1986) . The Cl--selective electrode was built in a similar way as the pH electrode, the tip being filled with the respective sensor cocktail (Fluka, No. 24902) , topped with 0.5 M KCl as reference. The test chamber was open on both sides for a horizontal approach of two separate electrodes, which was necessary for the measurements of pH, and pCL, and for the membraneresistance measurements. Since ion-selective microelectrodes measure a mixed electrical signal that consists of both free ion concentration and the E, , a separate microelectrode that measures the membrane potential had to be inserted into the same cell. In some cases these electrodes were combined in a double barrel. The electrodes were connected with a highimpedance differential amplifier (FD 223; WPI, Sarasota, FL), which simultaneously measured and then subtracted both signals to obtain the net pX (pH, pC1) signal, given in the figures. Because of the different response times of the two electrodes (the ion-selective one being the slower electrode), this procedure may produce artifactual shifts of the pX signal in case of rapid changes in membrane potential. For a direct comparison of pC1 and pH, double-barreled microelectrodes were built, one barrel of which was filled with the C1-sensor and the other one with the pH sensor.
As shown in Figure 1 , the electrodes were routinely precalibrated and, wherever possible, recalibrated. The calibration procedure for the pH-sensitive electrodes has been described in detail before (Felle and Bertl, 1986) . In addition, interna1 function tests were camed out with weak acids. The C1--selective electrodes were calibrated in 5 m~ Mes plus 5 m~ Tris at pH 7.3 and yielded linear slopes of 51 to 57 mV between 3 and 100 m~ NaCl (Fig. 1) . Using N03--selective microelectrodes, Zhen et al. (1991) measured a cytoplasmic [NOs-] of 5.4 f 0.5 m~ in barley roots. Therefore, the calibration of C1--selective electrodes has also been camed out in the presence of 5 m~ NO3-and has been considered the basis for the estimation of pC1, in Sinapis root hairs.
The pmf Electrode
Provided that the pH, is kept constant during the test, a pH-sensitive microelectrode can be used to measure the pmf across the plasma membrane of cells directly and continuously (Frachisse et al., 1988; Felle, 1993) .
Membrane Resistance and Current-Voltage Measurements
The membrane resistance was measured by inserting two separate electrodes into the tip of the same root hair, one being the current-injecting electrode and the other the voltage electrode. Rectangular pulses were fed into the cells using a constant current amplifier (S-7000, WPI). The deviation from the resting potential due to the current flowing to ground across the membrane was monitored. No cable analysis (Cole, 1968) of these longitudinal cells has been camed out to correct for the inner resistance; therefore, the current-voltage curves shown are input values from individual cells and as such may differ from cell to cell according to the actual cell surface.
Statistics and Presentation
Numbers of repetitions are given in the figure legends. All curves are continuous kinetics of the respectivc: cellular response. In general, such curves are not suitabk for statistic treatment, i.e. averaging; however, means of maximal changes & SE, are given, wherever interesting to the argument. A11 curves shown are representative recorliings of 4 to 10 equivalent experiments. In the figures, the io n concentrations are given continuously as pX, where X defines the respective ion (Cl-or H+) measured.
RESULTS
The mean cytosolic [Cl-] of S. alba root hairs as determined with C1--selective microelectrodes is 11 f 3 r r l~ ( n = 44), which is similar to values reported by Beilby (198.1) for Chara. The pH, of Sinapis root hairs is between 7.1 arld 7.5 (Felle, 1987) .
The search for a proton/chloride symporter at the plasma membrane requires severa1 basic tests: these comprise the measurement of the cellular responses to rapicl changes in externa1 [Cl-] and pH (pH,-jumps, as demonstrated by Sanders et al., 1985) . Continuous recordings of the membrane potential, the pH,, and the free chloride concentration during such procedures should help to identify and characterize such a transporter.
pH-jump Experiments
As shown in Figure 2 , within the 1st min after lowering the pH, from 9.5 to 4.5, the cytosolic [Cl-] decreases from 2 to 1.6, which is equivalent to an increase in pC1, from 10 to 25 mM (mean f SE change 13 f 4 m~; n = 8). Simultaneously, -50r -5 min When the cells are exposed to 10 p~ erythrosin B, an effective inhibitor of the plasma membrane H+-ATPase (Cocucci, 1986; Rasi-Caldogno et al., 1987) , the cytosolic [Cl-] decreases from 16 to 6 m~ within minutes, whereas the membrane potential sharply depolarizes.
Responses to Changes in External [CI-]
As shown in Figure 3 , an increase in medium [Cl-] is followed by an increase in cytosolic [Cl-] and by a decrease in pH,, which is typically accompanied by an initial rapid depolarization and a slower hyperpolarization. Clearly, these partly transient shifts in [Cl-] and pH are less distinct at pH 7.3 than at pH 4.5, where within minutes the addition of 20 m C1-to a Cl--free medium leads to a rapid increase in cytosolic [Cl-] from 15 to 33 m. Basically, the same results are obtained when the extemal [Cl-] is altered by NaCl or by HCl(Tris) instead of CaC12 (Fig. 4) .
The pmf
The so-called pmf is an essential thermodynamic factor of the driving force for any secondary active proton-driven membrane transport. Since it is defined as the sum of membrane potential and pH difference across the given membrane, which according to Figures 2 to 4 undergo considerable changes, the question is raised whether the pmf as a whole is kinetically a relevant factor for C1-import. In Figure 5A , an experiment is shown in which the pmf, as well as pH difference, membrane potential, and pC1, have been meas- Response of pH,, pCI,, and E, of S. alba root hairs to changes in external chloride concentration ([CI-I,) , tested at pH 7.3 and 4.5, as indicated by arrows. External [Ca' ' ] NaCl and HCI(Tris) at an external pH of 4.5. As in Figure 2 , kinetics of pCI, and pH, were determined from separate experiments. Representative traces were chosen from six experiments each yielding similar responses. ured simultaneously on the same cell. The kinetic responses to extemally increased CaC12 clearly show that the pCz response (Cl-uptake) neither corresponds with the changes in pmf nor with the membrane potential.
In response to a change in pH,, induced by the addition of acetic acid (Fig. 5B) , the membrane potential also reacts with a hyperpolarization, which, however, is considerably smaller than that observed after the addition of CaC12. Figure 6A illustrates the development of the membrane resistance in response to 20 m~ C1-, added as CaCI2 and KC1. Figure 6 . A, Membrane resistance (input) of S. alba root hairs in response to 10 mM CaCI2 and 20 mM KCI, as indicated. The input current was kept constant at 0.5 nA. Since the current-voltage curve is virtually linear in the tested voltage range, the conspicuous deflections from the membrane potential (solid line) represent t h e relative change in membrane resistance. In addition, t h e response of pCI, is shown for KCI. B, Current-voltage curves, measured before the addition of CaC12 (1) and during strongest depolarization (2) after the addition of CaCI2. The dotted line is the current difference from curve 1 and 2 and represents the i,, measured under the present conditions on that root hair. RepresentaJive traces were chosen from experiments each yielding similar responses.
The Membrane Resistance
Clearly, there is no initial change in membrane resistance following the addition of CaC12, which is likewise demonstrated by the virtually parallel current-voltage curves of Figure 6B . There is, however, a substantial increase in membrane resistance during the slow hyperpolarization.
The response to KCl is different. The membrane resistance decreases first and then almost completely recovers. The cells do not hyperpolarize, but cytosolic [Cl-] is elevated in a similar manner as demonstrated with the other salts.
In Figure 6B , the current-voltage relationships of a root hair before (curve 1) and after (curve 2) the addition of 10 m CaC12 are shown. Within the voltage range of interest, the curves are virtually linear and run parallel to each other. Since the extemally added CaC12 was the only change in experimental conditions, it is argued that the depolarization and the shift of the current-voltage curves, respectively, are a measure of the inwardly directed positively charged current, induced by the addition of the extemal [Cl-1. This i , is Plant Physiol. Vol. 106, 1994 extrapolated by subtraction of curve 1 from 2 arid is shown as the dotted line.
Felle
DISCUSSION
Performance of the CI--Selective Electrode
As shown in Figure 1 , the Cl--selective electrode yields a linear slope in the tested range between 3 and 100 m NaC1, whereas it bends at lower concentrations. Not all electrodes reacted with 57 mV per decade of [Cl-1. The reason for this is probably due to the stabilization procedure (Felle and Bertl, 1986 5 m can be expected. Therefore, the calibration has been carried out in the presence of that NO3-concentration. Second, in one experiment (Fig. 3) , C1-has been exchanged for NO3-. Since a Nos-import must be expected, a fraction of the electrode reaction to the pH,-jumps has to be attributed to NO3-, according to the calibration shown in Figire 1. However, this is a mere quantitative aspect and valid for this special experiment only; it does not alter the basic response to pH, changes.
Evidence for an nH+/CI-Symport
Evidence for an nH+/Cl-symport is based on the following observations: (a) cytosolic [Cl-] increases sharply following a pH.,-jump from 9.5 to 4.5; (b) an increase in extemal [Cl-] is followed by a decrease in pH, and a simultaneous increase in cytosolic [Cl-1; (c) subsequent to an increase in extemal [Cl-] the cells rapidly depolarize.
The changes in membrane potential in response to extemal CaC12 (Figs. 3-6 ) are explained as follows: the initial depolarization is a well-known phenomenon of electrophoretic symport and can be-observed as soon as the respective substrates encounter the transporter at the plasma membrane (Slayman and Slayman, 1974; Novacky et al., 1980; Felle and Bentrup, 1980) . In this investigation, such a depolarization occurred the moment extemal [Cl-] was abruptly elevated. Although part of this depolarization could be attributed to the simultaneously increased cation concentration, this would not hold for the HCl(Tris) curve, because no potentially depolarizing cations were added.
The depolarization was followed by a slow and substantial hyperpolarization, which was not only accompanied by an increase in cytosolic [Cl-] (presumably through C1-influx) but also by a cytosolic acidification. Since prot'ms are the transport substrate for the plasma membrane €I+-pump, a stimulation of H+ export causing hyperpolarization appears obvious, as has been previously demonstrated (Sanders and Slayman, 1983; Frachisse et al., 1988) . Howe\?er, a cytoplasmic acidification of comparable extent (induc8.d by acetic acid; Fig. 5B ) caused only a minor hyperpolarization; this indicates that the acidification through symport may not be sufficient to hyperpolarize the root hairs in the observed manner. It may well be that the increase in membrane resistance (Fig. 6 ) in response to CaC12 (but not to KCl) is an important factor. On the other hand, there should be no doubt that the H+-pump is the primary cause of this hyperpolarization as suggested by the depolarization in the presence of erythrosin B (Fig. 2) .
Whereas pH, changes during H+ symport of organic compounds (sugars, amino acids) are complicated and probably involve a regulatory component (Johannes and Felle, 1987) , co-transport of protons with inorganic ions apparently yield pH changes in the expected direction, i.e. an alkalinization for a proton/cation antiporter (Felle, 1989) and, as shown in this paper, an acidification for a putative proton/anion symporter. It seems, however, that such pH changes should also be understood in the sense of charge compensation or, as Ullrich and Guern (1990) have stressed, because of the difference of strong ions. In any case, the ratio of protons symported with C1-is between 1 and 2 when calculated from the initial and maximal changes of cytosolic [H+] , and the cytoplasmic buffer capacity (about 50 m / p H unit; Felle, 1987) . The finding that in some of the tests the thus estimated ratio H+/Cl-is less than 1 probably is an artifact arising from measurements of the cytosolic [H+] and [Cl-] on different cells. In the case in which [H+] and [Cl-] were measured with double-barreled microelectrodes from the same cell (Fig. 5B) , a H+/Cl-ratio of 1.5 was extrapolated. The ratio suggests that the number of protons symported with each C1-must be more than one (Sanders and Hansen, 1981) , a notion that is supported by the observation of the initial depolarization and also indicated by the existing driving forces across the plasma membrane. Sanders (1980) and Beilby and Walker (1981) came to the same conclusion for Chara.
According to 
m). This gradient is outwardly directed and
will, according to the respective open probability of C1--conducting channels, cause C1-efflux. The above proposed nH+/C1-symporter works against this gradient, with a free energy change of where n defines the amount of protons co-transported. Inserting the E, , , , proton gradient, and chloride gradients across the plasma membrane, as documented above, one can easily verify that in case of a lH+/lCl-symporter these cells would lose C1-under most conditions or at least would not have the appropriate transport power to accumulate C1-inside the cell. With two protons symported per C1-the membrane potential is an additional factor providing a substantial force to translocate C1-across the plasma membrane and accumulate C1-inside the cell.
The Role of the pmf for CI-Transport
It is accepted that the pmf provides the major long-term thermodynamic driving force for any H+-driven co-transport, i.e. it determines the theoretically possible distribution of the transported substrate across the given membrane. Kinetically, this is not so obvious, as demonstrated in Figure 5 , where it is clearly shown that the change in cytosolic [Cl-] does not correspond with the simultaneously measured pmf. As a matter of fact, the C1-import is highest when the pmf is lowest and slowly decreases while the pmf sharply increases (after the addition of CaCL). It would of course not be quite correct to state that the proton gradient kinetically influences C1-, while the pmf does not, since the chemical pH gradient is part of the pmf. But one has to realize that both terms of the pmf, the membrane potential and pH gradient, may not only numerically ( i millivolts) be very different but may also develop into different directions. Although thermodynamically this is of little consequence, kinetically, the development of the pmf as a whole (in millivolts) does not give reliable information regarding the investigated transport. In this context it is interesting to observe that during the pH,-jump from 7.3 to 4.5 the C1-import is massive, whereas the pmf hardly changes (the gap during the pH,-jump was not filled because the pmf electrode can only measure continuously when pH, remains constant), and at the same time, the membrane potential sharply depolarizes. This makes the extemally increased free proton concentration the kinetically dominant driving force for the initial C1-uptake. Since in the pH-jump experiment of Figure 5A the changes in membrane potential and in pH, almost completely compensate for each other in terms of millivolts, this is another indication that more than one H+ must have been symported with each C1-.
The interesting finding that the membrane potential does not play a leading role in transport kinetics of nH+/Clsymport is not really surprising. The reversal potential for the nH+/C1-symport across the plasma membrane is far more positive than the resting potential in most experimental cases. This is also reflected by the current-source type currentvoltage characteristic (i,), extrapolated by subtraction at maximal depolarization (Fig. 6B) . It reflects an almost voltageindependent current, which in the past has been shown to be typical of co-transporters (Hansen and Slayman, 1978; Felle, 1983; Sanders et al., 1985) . At first, such a finding may not correspond with the idea of a voltage-driven transport. One explanation would be that rate-limiting steps (e.g. recovery of the empty carrier; formation of the charged complex) exist, which make the impact of a transmembrane voltage kinetically almost ineffective within a certain voltage interval. The positive charge entering the cells very likely is carried by protons, but since protons and chloride are translocated in a stoichiometric ratio, this current is also a measure for the amount of C1-symported.
An interesting question would be, of course, to what extent changes in pH, are an important factor for C1-transport, a problem that has also been addressed by Sanders et al. (1985) . They came to the conclusion that in whole cells regulatory factors would complicate the interpretation of any transport data. Reid and Walker (1984) also investigated this problem in Chara and found that pH, indeed controlled C1-influx. Johannes and Felle (1987) demonstrated for H+/amino acid symport in Riccia that experimentally (acetic acid) manipulated pH, strongly influenced this transport but found that the pmf had no part in it. Since acetic acid and other weak acids interfere with the performance of the C1-microelectrode, in this study manipulations of pH, and simultaneous
